1. Introduction {#s0005}
===============

Orosomucoid-1 (Orm1), also known as alpha-1-acid glycoprotein 1 (AGP1), is a member of lipocalin protein family, which acts as the carrier of basic and neutrally charged lipophilic compounds under normal physiological conditions. In addition, it is known as an acute phase protein, which is expressed in response to stressful conditions such as tissue injury, inflammation, or infection ([@bb0165]). There are emerging evidences from proteomic studies that both the urinary and serum Orm1 may serve as predictors of therapeutic response and diagnostic and prognostic biomarkers for inflammatory diseases such as chronic heart failure ([@bb0005]) and cancers such as bladder cancer ([@bb0180]), lung squamous cell carcinoma ([@bb0030]), breast cancer ([@bb0015]) as well as hepatocellular carcinoma (HCC) ([@bb0095]). However, the specific function of Orm1 under stresses has not yet been fully elucidated.

Liver regeneration is a complicated but coordinated multistep process mediated by integration of multiple signals involved in cytokines, growth factors and metabolic networks ([@bb0200]). Normal liver regeneration requires spatially and temporally precise interactions between different populations of liver-composing cells, including liver sinusoidal endothelial cells (LSECs) and hepatocytes (HPCs), to reconstitute liver structure and function ([@bb0085], [@bb0140]). However, its executers have not been fully identified. Loss of liver function caused by viral hepatitis, cirrhosis, and liver damage from alcohol or drugs is a life-threatening condition. Increased understanding of the regenerative process should also shed light on clinical applications such as the treatment of acute liver failure (ALF), which is a highly lethal disorder with abrupt loss of hepatic metabolic and immunological function ([@bb0040], [@bb0190]). It would also have clinical implication for the development of predictive biomarkers for the prognosis of portal vein embolization (PVE) before surgical resection for liver cancer. PVE is a technique used to increase future remnant liver volume. However, a few patients fail to achieve sufficient growth of the liver tissue or suffer from tumor progression following PVE ([@bb0115], [@bb0270]).

Here, we addressed a role of Orm1 as an executer promoting cell cycle of HPCs during liver regeneration. We observed increases in serum levels of Orm1 in patients after surgical resection for HCC and in mice undergone partial hepatectomy (PH), implying that Orm1 might be induced in order to promote liver regeneration. Using Cap analysis of gene expression (CAGE)-based transcriptome analysis ([@bb0055]), we showed that lipocalin family genes were mostly enriched in mouse primary HPCs during liver regeneration and among these genes Orm1 was characterized as the most major biomarker of liver regeneration by Bayesian network analysis. Consistently, knockdown of Orm1 in mice resulted in decreases in HPC growth accompanying suppressed signaling in controlling chromatin replication. These results highlight that the HPC-derived lipocalin protein, Orm1 has potential to be a prognostic biomarker and potential therapeutic target for impaired regeneration in liver.

2. Materials and Methods {#s0010}
========================

2.1. Clinical Samples {#s0015}
---------------------

The study was performed in accordance with the Declaration of Helsinki and was approved by the Ethics Committee for Biomedical Research of the Jikei University School of Medicine, the Hospital Ethics Committee of Tokyo University, and the RIKEN Institute Research Ethics Committee. The patients had signed a written informed consent prior to study. Serum samples were collected from 10 patients who had undergone liver resection for HCC. Formalin-fixed paraffin-embedded liver tumor tissues and normal adjacent tissues obtained from HCC patients were purchased from Proteogenex (Culver City, CA, USA).

2.2. Experimental Animals {#s0020}
-------------------------

All experiments were performed in accordance with protocols approved by the RIKEN Institutional Animal Use and the Care Administrative Advisory Committees and adhered to the guidelines in the Institutional Regulation for Animal Experiments and Fundamental Guidelines for Proper Conduct of Animal Experiment and Related Activities in Academic Research Institutions under the jurisdiction of the Ministry of Education, Culture, Sports, Science and Technology, Japan. Male C57BL6/J mice (age, 6--14 weeks) were housed under constant temperature (22 °C ± 1 °C) with free access to food and water.

2.3. PH Experiment {#s0025}
------------------

The mice were randomly divided into PH or control sham groups with no blinding. For transcriptome analysis, three independent biological replicates at each time point were analyzed. For *in vivo* RNA interference experiment, four independent biological replicates at each time point were analyzed. After anesthetized with isoflurane gas and disinfection of the skin with 70% ethanol, the abdomen is incised in the median line (15--20 mm) and opened with clip forceps. The beginning of the median and left lateral lobes is ligated with 5-0 silk thread, and the lobes are hepatectomized. After spraying antibiotics in the cavity, the abdominal wall is sutured with 6-0 nylon thread. The animals are kept warm while recovering from anesthesia ([@bb0010]).

2.4. Primary Cell Isolation and RNA Extraction {#s0030}
----------------------------------------------

Primary mouse LSECs and HPCs were isolated from mouse livers at 2 h, 30 h, 48 h and 1 week after PH and at 2 h after the sham operation. The liver was perfused with collagenase solution and HPCs were collected by centrifugation at 50 ×* g* for 2 min at 4 °C for 3 times. The pelleted HPCs were then cultured in William\'s Medium E (Sigma Chemical Company, St. Louis, MO, USA). LSECs were isolated using purified anti-mouse CD146 (RRID: [AB_1731991](nif-antibody:AB_1731991){#ir0010}, ME-9F1, BioLegend, San Diego, CA, USA) and dynabeads labelled with M-450 sheep anti-rat IgG (Life Technologies, Gaithersburg, MD, USA) ([@bb0010]). The isolated LSECs were cultured in DMEM/F-12 medium (Gibco, Invitrogen, Grand Island, NY, USA) supplemented with 10% FBS, 1% penicillin/streptomycin and 50 mg/mL endothelial mitogen. Total RNA samples were then extracted from the cells using an RNeasy Kit (Qiagen, Valencia, CA, USA), and the amount and purity of the isolated RNA was evaluated using a NanoDrop spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA).

2.5. *In Vivo* RNA Interference {#s0035}
-------------------------------

A Stealth RNAi™ Pre-Designed siRNA targeting mouse Orm1 (siOrm1), UUGAGACUCCCGAAGCUCUAUUGUG, and a paired control siRNA (siCtl), CACAAUAGAGCUUCGGGAGUCUCAA, were purchased from Life Technologies (Gaithersburg, MD, USA). Transfection was performed *via* a single tail vein injection of siRNA (1 mg/kg) using a next generation lipid based carrier Invivofectamine 3.0 reagent (Life Technologies) ([@bb0090]). Knockdown efficiency was verified 3 days post-siRNA injection in serum protein levels and in transcript levels in whole liver tissues.

2.6. CAGE Transcriptome Analysis {#s0040}
--------------------------------

A simplified version of the CAGE protocol, deepCAGE, using a single-molecule sequencer HeliScope, which can avoid linker ligation, PCR, and enzymatic cleavage, was applied to generate transcriptional profiling of LSECs and HPCs during liver regeneration ([@bb0150]). Detailed methods for the CAGE data generation and normalization are provided in the FANTOM5 main paper ([@bb0100]). Data downloads and freely available genomic tools are summarized in the FANTOM database (RRID: SCR_000788, [http://fantom.gsc.riken.jp/5/](http://fantom.gsc.riken.jp/5){#ir0015}) ([@bb0255]) and are available in Table S1.

2.7. IHC Staining and Immunofluorescence Staining of Orm1 in Liver Sections {#s0045}
---------------------------------------------------------------------------

Tissue staining was performed as previously described ([@bb0125]). Liver sections were deparaffinized and heated to 98 °C in Target Retrieval Solution (DAKO Corporation, Carpinteria, CA, USA) in a microwave for 10 min for antigen retrieval. For histology, the sections were stained with Myer\'s hematoxylin solution and 1% Eosin Y solution (H&E) (Muto Pure Chemicals, Tokyo, Japan). For mouse liver sections, after blocking with 5% normal goat serum in PBS containing 0.1% Tween-20 (PBST) for 30 min at room temperature, the sections were incubated with rabbit anti-mouse Orm1 (2 μg/mL; PAA816Mu01; Cloud-Clone Corp) or control rabbit IgG overnight at 4 °C. For human liver sections, the sections were blocked in PBS containing 10% FBS for 1 h at room temperature and incubated with goat anti-human Orm1 (RRID: [AB_2158195](nif-antibody:AB_2158195){#ir0020}, 0.5 μg/mL; sc-51018; Santa Cruz Biotechnology; Santa Cruz, CA, USA) and goat IgG overnight at 4 °C. For blocking/competition, Orm1 antibody was treated with a five-fold (by weight) excess of blocking peptide (sc-51018 P; Santa Cruz Biotechnology) in 500 μL PBS overnight at 4 °C. EnVision + System-HRP (DAKO Corporation) was used as the second antibody. The sections were counterstained with hematoxylin and quantified by ImageJ software 1.6.0 (National Institutes of Health, Bethesda, MD, USA) and the IHC profiler plugin ([@bb0275]). For double immunofluorescence staining of Orm1 and Ki-67 in human liver sections, the sections were blocked in Mouse on Mouse (M.O.M.™) Blocking Reagent (MKB-2213; Vector Laboratories; Burlingame, CA, USA) for 1 h and in PBS containing 10% FBS for another 1 h at room temperature. The sections were then incubated with goat anti-human Orm1 antibody (0.5 μg/mL; sc-51018; Santa Cruz Biotechnology) and goat IgG overnight at 4 °C. On the next day, the sections were stained with donkey anti-goat IgG alexa555 second antibody (RRID: [AB_141788](nif-antibody:AB_141788){#ir0025}, A-21432; Invitrogen). After wash, the sections were incubated with mouse anti-human Ki-67 antibody (RRID: [AB_393778](nif-antibody:AB_393778){#ir0030}, 1.25 μg/mL; 550609; BD Biosciences; San Jose, CA, USA) and mouse IgG overnight at 4 °C. The sections were then stained with donkey anti-mouse IgG alexa488 second antibody (RRID: [AB_141607](nif-antibody:AB_141607){#ir0035}, A-21202; Invitrogen) and the nuclei were visualized by DAPI (Wako Industries, Osaka, Japan). Immunofluorescence staining signals were detected with a Zeiss LSM 700 laser scanning confocal microscope (Carl Zeiss Inc., Jena, Germany).

2.8. Immunofluorescence Staining of Orm1 in Primary Mouse HPCs {#s0050}
--------------------------------------------------------------

Primary mouse HPCs were isolated as described above and seeded in Greiner 96-well microtiter plates (Greiner Bio-One, Monroe, NC, USA) at a concentration of 1.5 × 10^5^ cells/mL. The cells were treated with PDGF-BB (PeproTech, Rocky Hill, NJ, USA, \#100-14B, 20 ng/mL) in DMEM containing 2% FBS for 48 h. Then, the cells were fixed in 4% paraformaldehyde (PFA) for 10 min and incubated with 0.1% Triton X-100 in PBS for 5 min at room temperature. After blocking with 5% FBS-PBS for 1 h at room temperature, cells were incubated with rabbit anti-mouse Orm1 antibody (1 μg/mL; PAA816Mu01; Cloud-Clone Corp) or control rabbit IgG overnight at 4 °C. The cells were then washed and stained with donkey anti-rabbit Cy5-conjugated secondary antibody (1:500, Invitrogen), while nuclei was visualized by Hoechst staining (Wako Industries). Immunofluorescence staining signals were detected with a Zeiss LSM 700 laser scanning confocal microscope (Carl Zeiss Inc.) or an ImageXpress^MICRO^ High Content Screening System (Molecular Devices, Sunnyvale, CA, USA) and morphological analysis was performed using MetaXpress Image Analysis software (Molecular Devices).

2.9. Cell Culture {#s0055}
-----------------

The human liver cancer cell lines FLC4 (RRID:CVCL_D204), FLC7 (RRID: CVCL_2805), and HepG2 (RRID: CVCL_0027), and the immortalized human liver endothelial cell line M1 were kindly supplied by Prof. Tomokazu Matsuura (The Jikei University School of Medicine, Tokyo, Japan) ([@bb0110], [@bb0195]). Human hepatic stellate cells (LX2; RRID: CVCL_5792) were kindly provided by Prof. Scott Friedman (Mount Sinai Hospital, New York) ([@bb0285]). All the cell lines have been tested as negative for mycoplasma contamination. The cells were maintained in DMEM (Wako Industries) containing 10% FBS, 100 U/mL penicillin/streptomycin and 2 mM [l]{.smallcaps}-glutamine and grown at 37 °C in a humidified 5% CO~2~ incubator.

2.10. Enzyme-Linked Immunosorbent Assay (ELISA) {#s0060}
-----------------------------------------------

Serum Orm1 concentrations were measured using ELISA kits (SEA816HU and SEA816MU for human and mouse serum samples, respectively; Cloud-Clone Corp., Houston, TX, USA). Serum samples were diluted appropriately in PBS and assayed and determined in a plate reader (ARVO MX, Perkin Elmer Inc., Waltham, MA, USA) at 450 nm according to the manufacturer\'s instructions.

2.11. Real-Time RT-PCR {#s0065}
----------------------

PCR reactions were performed using the Roche LightCycler® 96 Real-Time PCR System (Roche Diagnostic Co., Ltd., Tokyo, Japan) with SsoAdvanced™ SYBR® Green Supermix (Bio-Rad Laboratories, Hercules, CA, USA). Detailed methods for PCR analyses were previously described ([@bb0240]). The sequences of the primers are summarized in Table S2.

2.12. *In Vitro* RNA Interference {#s0070}
---------------------------------

A siRNA targeting human Orm1 (sc-60133) (siOrm1) and a control siRNA (sc-37007) (siCtl) were purchased from Santa Cruz Biotechnology. FLC4 cells were plated in 96-well plates (1 × 10^4^ cells/well) for cell viability analysis and 24-well plates (5 × 10^4^ cells/well) for RNA isolation and transfected with 100 nM siRNAs using Lipofectamine 2000 (Life Technologies).

2.13. Cell Proliferation Assay {#s0075}
------------------------------

Cell viability was determined using the Cell Counting Kit-8 (Dojindo Molecular Technologies, Tokyo, Japan) in a plate reader (ARVO MX, Perkin Elmer Inc.) at 450 nm as previously described ([@bb0265]). For gain-of-function analysis, 24 h after siRNA transfection, FLC4 cells were treated with recombinant human Orm1 (CLPRO889, Cedarlane, Burlington, NC, USA) in DMEM containing 2% FBS for 24 h before cell viability determination.

2.14. Knowledge-Based Pathway Analysis {#s0080}
--------------------------------------

To explore the biological interpretation of the transcriptome data, the canonical pathway was identified using knowledge-based functional analysis software Ingenuity Pathways Analysis (IPA; RRID: SCR_008653, Ingenuity Systems, Mountain View, CA, USA) as previously described ([@bb0235]). Moreover, the causal analytics tool "upstream regulator analysis" was used to identify upstream regulatory molecules and associated mechanisms of the observed expression changes. Upstream regulator analysis is one of the causal analytics algorithms in IPA that was developed to identify the upstream molecules in the data set that can explain the observed expression changes. One of the statistical measures of the upstream regulator analysis is the activation z-score, which can be used to find likely regulating molecules based on a statistically significant pattern match of up- and down-regulation, and also to predict the activation state (either activated or inhibited) of a putative regulator ([@bb0155]). An absolute z-score \> 2 was considered as significant. In addition, functional annotation analysis was applied in SEA of GeneSpring GX13.0 (RRID: SCR_010972, Agilent Technologies, Palo Alto, CA, USA) or in the freely available tool DAVID (RRID: SCR_003033, <http://david.abcc.ncifcrf.gov>/) ([@bb0145]).

2.15. Microarray Analysis {#s0085}
-------------------------

Total RNA was isolated from mouse liver tissues at 48 h after PH treated with siControl or siOrm as described above. After fragmentation of complementary RNA, microarray studies were performed by the RIKEN Research Resource Center using Affymetrix GeneChip Mouse Genome 430A 2.0 Array. The arrays were scanned using a GenePix4000B Microarray Scanner (Axon Instruments, Foster City, CA, USA). Data analysis was performed with GeneSpring GX13.0 (Agilent Technologies). Signal intensities for each probe were normalized to the 75th percentile without baseline transformation. Genes that were differentially expressed following Orm1 knockdown were identified by a fold change of \> 2 and selected for pathway analysis. All data are MIAME compliant, and the raw data have been deposited in the Gene Expression Omnibus (RRID: SCR_007303, [www.ncbi.nlm.nih.gov/geo](http://www.ncbi.nlm.nih.gov/geo){#ir0045}, accession no. [GSE83733](ncbi-geo:GSE83733){#ir0050}).

2.16. Data Mining {#s0090}
-----------------

Orm1 expression in human tissues was searched in the freely available FANTOM5 database SSTAR (Semantic catalog of Samples, Transcription Initiation and Regulator; [http://fantom.gsc.riken.jp/5/sstar/](http://fantom.gsc.riken.jp/5/sstar){#ir0055}). To understand the role of Orm1 in injured human liver regeneration, a clinical data set containing gene expression profiling of 10 normal livers and 4 HBV-associated ALF livers was downloaded from the Gene Expression Omnibus (accession no. [GSE38941](ncbi-geo:GSE38941){#ir0060}) ([@bb0215]).

2.17. Multivariate Analyses {#s0095}
---------------------------

Unsupervised principle component analysis (PCA), partial least squares-discriminant analysis (PLS-DA) and orthogonal partial least squares-discriminant analysis (OPLS-DA) were run using the free-web software MetaboAnalyst 2.5 (RRID: SCR_015539, [www.metaboanalyst.ca](http://www.metaboanalyst.ca){#ir0065}). PLS-DA is a partial least squares regression of a set Y of binary variables describing the categories of a categorical variable on a set X of predictor variables ([@bb0230]). In this study, the class categories (cell types or time points) of each sample were set as the dependent categorical variable Y, and the expression level of genes was set as the independent predictor variables X. In the PLS-DA model, variable importance in the projection (VIP) ([@bb0280]) is a weighted sum of squares of the PLS loadings taking into account the amount of explained Y-variation in each dimension. The sum of squares of all VIP\'s is equal to 1, so the higher the VIP value, the more relevant for explaining Y and the larger contribution to the establishment of the PLS-DA model. Variables with VIP larger than 1 are the most relevant for explaining Y ([@bb0280]). VIP values \> 1 were considered to be important in the present study. Correlations of gene expression between LSECs and HPCs were calculated according to the Pearson\'s correlation coefficients method in R Bioconductor (RRID: SCR_001905). A high correlation coefficient (\| r \| \> 0.9) was collected for further network analysis. A multivariate statistical analysis technique Bayesian network analysis was applied to explore the regulatory networks of the causal complex using the web-based RX-Taogen software (<http://extaogen.nies.go.jp>/) ([@bb0295]). The replicate exchange time was set as 20,000. A core concept of Bayesian modeling is to represent causal dependencies and express a conditional dependence structure among variables by computing the prior distribution over all variables ([@bb0105]). Therefore, elements that exert more effects should be located higher in the hierarchy of a calculated network model ([@bb0130]).

2.18. Statistical Analyses {#s0100}
--------------------------

Quantitative data are expressed as the means plus the standard deviation of three replicates from at least two independent experiments. The statistical significance of differences was assessed using Student\'s *t*-test, Fisher\'s exact test, Mann-Whitney *U* test or ANOVA with post-hoc Tukey HSD Calculator for multiple comparison. Values of *P* \< 0.05 were considered to indicate statistical significance.

3. Results {#s0105}
==========

3.1. Orm1 is Induced in Humans and Mice After PH {#s0110}
------------------------------------------------

Postoperative serum Orm1 levels were examined in 10 patients who had undergone surgical resection for HCC ([Fig. 1](#f0005){ref-type="fig"}a). Changes in serum levels of Orm1 at 24 h post-liver resection were significantly positively correlated with the ratio of the resected liver volume to total liver volume ([Fig. 1](#f0005){ref-type="fig"}b). In a patient undergoing nearly 70% liver resection, serum Orm1 levels increased to 1.3-fold at 24 h post-liver resection and then declined to levels almost the same as that before liver resection at 3 and 7 days post-liver resection (Fig. S1a). In contrast, no increase in serum Orm1 levels was observed in a patient undergoing 8% liver resection (Fig. S1a). Immunohistochemistry (IHC) staining of Orm1 in human liver sections showed a strong Orm1 expression in HCC tissues than that in the normal adjacent tissues ([Fig. 1](#f0005){ref-type="fig"}c and Fig. S1b). This is in accordance with the elevated levels of serum Orm1 observed in HCC patients from previous reports ([@bb0095]). Furthermore, double immunofluorescence staining revealed the existence of Orm1^+^ Ki67^+^ cells in HCC tissues (Fig. S1c). In addition, microarray data mining of a human ALF data set ([GSE38941](ncbi-geo:GSE38941){#ir0075}) revealed that Orm1 gene expression was significantly decreased in hepatitis B virus (HBV)-associated ALF livers compared to normal livers (Fig. S1d). These data suggested that Orm1 might be induced in order to promote liver regeneration.Fig. 1Orm1 is induced in humans and mics after PH. (a)--(c) Human data. (a) Postoperative serum Orm1 levels were examined in 10 patients who had undergone liver resection for HCC. (b) Correlation between changes in serum Orm1 at 24 h post-liver resection with the rates of liver resection (the resection volume counts per total liver volume counts). POD, postoperative days. (c) Representative photographs of IHC staining of Orm1 in commercially obtained liver sections of HCC and normal adjacent tissues in HCC patients. As a negative control (Ctl), human Orm1 antibody that had been incubated with a 5-fold (by weight) excess of blocking peptide. (d)--(g) Mouse data. (d) Time course of Orm1 gene expression in whole-liver tissues after PH (n = 3). (e) Orm1 transcript levels in whole-liver tissues and (f) serum protein levels at 48 h after PH (n = 4). (g) IHC staining of Orm1 in mouse liver tissues at 48 h after PH. *P*-value was assessed using Student\'s *t*-test or Mann-Whitney *U* test. \**P* \< 0.05 indicates statistical significance. Scale bars, 100 μm.Fig. 1

We further undertook a clinical investigation of the correlation between Orm1 and biomarkers of liver functions, including serum alanine transaminase (ALT), aspartate transaminase (AST) and bilirubin (Bil) levels and international normalized ratio of prothrombin time (PT.INR). Of interest, hierarchical cluster analysis based on the Pearson correlation coefficients between postoperative serum changes of Orm1 and liver function biomarkers divided the patients into two groups: the "Correlated" (n = 4) and "Non-correlated" groups (n = 6) (Fig. S2a and b). Moreover, significantly different postoperative serum levels of Orm1 were observed between these two groups, suggesting the existence of differential responses in Orm1 expression (Fig. S2c). No significant difference was observed in liver resection rates between these two groups (*P* = 0.42 in two-tailed Student\'s *t*-test), while risk-factor analysis demonstrated that HCC patients suffering from chronic hepatitis and/or cirrhosis (Fig. S2d), who probably carrying immunodeficiency, showed poor correlation between Orm1 and liver function biomarkers ([@bb0135]).

Our data imply that Orm1 might be induced in order to promote liver regeneration. To further explore this hypothesis, we observed Orm1 expression during hepatic regeneration in a mouse model of PH. The time course analysis demonstrated Orm1 gene expression in liver tissues was increased as early as 4 h after PH ([Fig. 1](#f0005){ref-type="fig"}d). Furthermore, individual paired increase in Orm1 transcript levels ([Fig. 1](#f0005){ref-type="fig"}e) in whole-liver tissues and serum protein levels ([Fig. 1](#f0005){ref-type="fig"}f) was observed before and 48 h after PH. IHC staining of Orm1 in liver tissues of partially hepatectomized mice showed a strong expression of Orm1 at 48 h after PH in HPCs positioned in the central vein and portal vein areas ([Fig. 1](#f0005){ref-type="fig"}g), suggesting a potent interaction between Orm1 induction and angiocrine signals.

3.2. Transcriptional Network Analysis Identifies Orm1 as a Regulator in Liver Regeneration {#s0115}
------------------------------------------------------------------------------------------

To further understand the role of Orm1 in the coordinated signal transduction controlling liver regeneration, transcriptional profiling of LSECs and HPCs isolated at 5 different time points during liver regeneration, at 2 h, 30 h, 48 h or 1 w after 70% PH and at 2 h after the sham operation, was measured using high-throughput CAGE technology ([Fig. 2](#f0010){ref-type="fig"}a and Table S1). Hierarchical clustering demonstrated diverse expression profiles between LSECs and HPCs ([Fig. 2](#f0010){ref-type="fig"}b). Cell-type specificity of several previously reported LSEC and HPC markers were confirmed at their transcription levels (Fig. S3a) and in orthogonal partial least squares-discriminant analysis (OPLS-DA) modeling (Fig. S3b) and upstream regulator analysis of the Ingenuity Pathways Analysis (IPA) program (Fig. S3c and Table S3). Principle component analysis (PCA) showed strong and reproducible time effects in both LSEC and HPC datasets ([Fig. 2](#f0010){ref-type="fig"}c and d). Compared with the sham control, the most significant differentially expressed genes were observed at 30 h and 48 h in LSECs ([Fig. 2](#f0010){ref-type="fig"}e) and HPCs ([Fig. 2](#f0010){ref-type="fig"}f). A large number of significantly and differentially expressed genes were observed as early as 2 h after PH in LSECs than in HPCs. This is in accord with the previous reports that LSECs contribute to liver regeneration in the early phases to stimulate HPC proliferation ([@bb0075]). Canonical pathways analysis of the IPA program revealed that enrichment in LSECs for genes encoding molecules regulating inflammation reaction pathways occurred as early as 2 h after PH ([Fig. 2](#f0010){ref-type="fig"}g and Table S4), while in HPCs, pathways related to cell cycle control were abundantly enriched at 30 h and 48 h after PH ([Fig. 2](#f0010){ref-type="fig"}h), suggesting a potential interaction between early injury response in LSECs and later cell cycle regulation in HPCs.Fig. 2Transcriptional profiling of LSECs and HPCs during liver regeneration. (a) Schematic overview of transcriptome experimental procedures (n = 3). (b) Hierarchical clustering with Ward\'s method of 16,499 genes measured by CAGE technology in LSECs and HPCs. The mean average from three biological replicates at each time point was shown. Low expression tags were deleted and the tags that were expressed at least at one time point in either LSECs or HPCs were kept with the expression cutoff at 1 tags per million (TPM). PCA score plots of differentially expressed genes in the process of liver regeneration for (c) LSECs and (d) HPCs. Numbers of significantly differentially expressed genes compared with the sham control at each time point in (e) LSECs and (f) HPCs. Top canonical pathways associated with significantly differentially expressed genes during liver regeneration in (g) LSECs and (h) HPCs in IPA program. Functional annotations identified using DAVID software with top (i) LSEC and (j) HPC genes selected by evaluating the relative contribution of each gene to differential gene expression during the process of liver regeneration in PLS-DA modeling. (k) Expression of *Orm1* and *Orm2* in LSECs and HPCs during liver regeneration measured by CAGE analysis.Fig. 2

Accordingly, genes that regulate mouse liver regeneration in LSECs and HPCs were identified in the PLS-DA model according to variable importance in the projection (VIP) scores (Fig. S4a and b and Table S5). Of interest, further functional annotation analysis in DAVID bioinformatics resources uncovered that the most associated functional annotations in LSECs included wound healing functions such as response to wounding, blood vessel development, platelet activation, and glycoprotein ([Fig. 2](#f0010){ref-type="fig"}i), while those in HPCs were associated with lipocalin including Orm1, iron binding, and oxidation reduction ([Fig. 2](#f0010){ref-type="fig"}j). Then, Pearson\'s correlation coefficients were calculated between the regulatory genes in LSECs and HPCs (Fig. S4c) and Bayesian network analysis was performed on the highly correlated genes using the TAO-Gen algorithm. Notably, the node for Orm1 in HPCs was located at the top of the predicted network hierarchy and a high correlation was observed between Orm1 and Orm2, two Orm isoforms that cooperatively interact with each other ([@bb0120]), implicating the role of ORM gene family especially Orm1 as an upstream regulator in liver regeneration (Fig. S5). The expression of Orm1 and Orm2 significantly increased in HPCs at 30 h and peaked at 48 h after PH, while low expression of Orm1 was observed in LSECs ([Fig. 2](#f0010){ref-type="fig"}k).

3.3. Regulatory Role of Orm1 on the Proliferation of Mouse Regenerating HPCs and Human Hepatic Cells {#s0120}
----------------------------------------------------------------------------------------------------

Next, the role of Orm1 on mouse liver regeneration was examined by siRNA-induced loss-of-function analysis ([Fig. 3](#f0015){ref-type="fig"}a). *In vivo* knockdown of Orm1 with its siRNA administered to mice *via* the tail vein significantly suppressed the Orm1 expression by 60% at 48 h after PH at both transcript levels in whole-liver tissue ([Fig. 3](#f0015){ref-type="fig"}b) and serum protein levels ([Fig. 3](#f0015){ref-type="fig"}c). In addition, inhibited expression of the proliferating marker Ki-67 levels was observed in regenerating livers at 48 h after PH, suggesting that Orm1 facilitates the proliferation of HPCs in regenerating livers ([Fig. 3](#f0015){ref-type="fig"}d and e).Fig. 3Regulatory role of Orm1 on the proliferation of mouse regenerating HPCs and human hepatic cells. (a) Schematic overview of loss-of-function experimental procedures. Orm1 expression at transcript levels in (b) whole-liver tissue and (c) serum protein levels. (d) IHC staining and (e) gene expression of cell proliferation marker Ki-67 in whole-liver tissue at 48 h post-PH. The average percentage of Ki-67 positive cells presented in (d) was quantified from five randomly selected areas in three slides from each mouse (n = 2--4). Scale bar, 50 μm. siCtl, control siRNA; siOrm1, Orm1 siRNA. The quantitative data were presented as the mean plus standard error (n = 4). (f) Data mining of Orm1 expression in human tissues obtained from the freely available FANTOM5 database. Reference RNA, commercially obtained universal human reference total RNA. Others, other human hepatic non-parenchymal cells, primary cells, tissues and cancer cell lines. (g) The gene expression of Orm1 was examined in human liver cancer cell lines FLC4, FLC7, and HepG2, human hepatic stellate cell line LX2, and immortalized human liver endothelial cell line M1 using real-time RT-PCR. Gene expression was normalized to that of GAPDH. Effect of Orm1 knockdown on (h) gene expression of Orm1 and cyclin D1 and (i) cell proliferation of human hepatic cell line FLC4 in the in the absence \[ORM1(−)\] and presence \[ORM1(+)\] of 25 ng/mL recombinant human Orm1. The quantitative data were presented as the mean plus the standard deviation of three replicates. \**P* \< 0.05 assessed using two-tailed Student\'s *t*-test, Mann-Whitney *U* test or ANOVA with post-hoc Tukey HSD Calculator for multiple comparison.Fig. 3

We further investigated whether Orm1 might play a regulatory role in the proliferation of human hepatic cells. Data mining of the functional annotation of the mammalian genome (FANTOM) database, consisted of CAGE expression profiling of 1000 human RNA samples from primary cell samples, human tissues and cancer cell lines ([@bb0020]), suggested that Orm1 was predominantly expressed by HPCs ([Fig. 3](#f0015){ref-type="fig"}f). Gene expression analysis of a panel of human liver cell lines using PCR also showed that Orm1 was strongly expressed by HPCs but did not express in hepatic stellate cell line LX2 and LSEC cell line M1 ([Fig. 3](#f0015){ref-type="fig"}g). In a human HCC functional liver cell-4 cell line (FLC4), which has a similar gene expression profile as human liver ([@bb0160]), silencing Orm1 expression by siRNA inhibited cell proliferation, accompanying the lowered expression of cell cycle-associated gene cyclin D1 ([Fig. 3](#f0015){ref-type="fig"}h and i). In contrast, treatment with recombinant human Orm1 protein significantly promoted cell growth in both control and Orm1 siRNAs-transfected cells ([Fig. 3](#f0015){ref-type="fig"}i).

3.4. Molecular Targets of Orm1 in Regenerating Mouse Livers {#s0125}
-----------------------------------------------------------

Finally, microarray analysis was performed to identify the molecular targets of Orm1 in regenerating mouse liver at 48 h after PH and a total of 188 differentially expressed genes were identified with a fold change \> 2 ([Fig. 4](#f0020){ref-type="fig"}a and Table S6). Functional annotation analysis using Single Experiment Analysis (SEA) suggested that cell cycle signaling pathways were under the control by Orm1 in regenerating mouse livers ([Fig. 4](#f0020){ref-type="fig"}b). Diseases or Functions Annotation in IPA also suggested that "organismal death" and "necrosis" were activated, while "proliferation of cells" and "migration of cells" were inhibited in the regenerating livers treated with siOrm1 compared with the control livers ([Fig. 4](#f0020){ref-type="fig"}c). Notably, IPA pathway analysis indicated that the DNA helicase complex MCM genes including *MCM2* and *MCM4*, were involved in the enriched signaling pathway of "cell cycle control of chromosomal replication" ([Fig. 4](#f0020){ref-type="fig"}d), which was also enriched in HPCs during liver regeneration ([Fig. 2](#f0010){ref-type="fig"}h). RT-PCR analysis verified that siRNA-mediated knockdown of Orm1 alone did not inhibit the expression of MCM genes in mouse livers but significantly suppressed their induction at 48 h after PH ([Fig. 4](#f0020){ref-type="fig"}e). Further pathway analysis revealed that cytokines such as interleukin-6 (IL-6) and tumor necrosis factor (TNF)-dependent signaling pathways were involved in the regulatory effect of Orm1 on MCM gene expression (Fig. S6). It was reported that Orm1 could specifically bind to the C-C chemokine receptor type 5 (CCR5) and regulated the production of inflammatory chemokines ([@bb0025], [@bb0170]). Of interest, upstream regulator analysis in IPA suggested that the activation z-score of platelet-derived growth factor-BB (PDGF-BB) is − 2.5 (Fig. S7a), supporting the parallel change in PDGF-BB and Orm1 observed in mouse regenerating HPCs using CAGE analysis (Fig. S7b). In addition, an inductive effect of PDGF-BB on Orm1 expression was also observed in freshly isolated primary mouse HPCs (Fig. S7c). The mitogenic effect of PDGFs, mostly due to activation of cell cycle pathways, has been suggested in rat and mouse HPCs ([@bb0050], [@bb0185]). Together, these data suggest that Orm1 plays important roles in liver regeneration, especially in controlling HPC\'s cell cycle.Fig. 4Molecular targets of Orm1 in mouse regenerating livers. Microarray analysis ([GSE83733](ncbi-geo:GSE83733){#ir0005}) was performed in control siRNA (siCtl) and Orm1 siRNA (siOrm1)-injected mouse livers at 48 h post-PH (n = 2). (a) Heatmap visualization of 188 differentially expressed genes with a fold change of \> 2 in the livers between groups of mice receiving siOrm1 or siCtl. (b) Top five associated signaling pathways performed using SEA analysis in GeneSpring GX13. (c) The top diseases or functions annotation and (d) top canonical pathway analysis performed in IPA platform. The pathways were ranked according to their-log10 of *P* values. The ratio indicates the number of enriched genes of interest relative to the total number of genes associated with that pathway in the IPA database. (e) Gene expression levels of *MCM2*, *MCM4* and *MCM6* involved in the enriched "cell cycle control of chromosomal replication" singling pathway in whole-liver tissues before (PH 0 h) and at 48 h post-PH (PH 48 h) were verified using RT-PCR and presented as fold change compared to PH 0 h (n = 4). The data were presented in a Box-and-Whisker plot. \**P* \< 0.05 assessed using the Mann-Whitney *U* test or two-tailed Student\'s *t*-test.Fig. 4

4. Discussion {#s0130}
=============

Regulation of liver cell proliferation is a key event to control organ size during hepatic development and regeneration ([@bb0220]). There are increasing evidences that liver regeneration is initiated by reentry of quiescent hepatocytes into cell cycle and proliferation ([@bb0250], [@bb0300]). Therefore, overcoming growth arrest of adult differentiated HPCs plays a crucial role in liver regeneration. The mechanism involved in liver regeneration is complex and mediated by the integration of multiple signals. As HGF and epidermal growth factor (EGF) are the only well-established direct mitogens for HPCs, liver regeneration is completely abolished when their signals are deleted ([@bb0225]). Besides, non-mitogenic cytokines as well as paracrine mediators are also important in orchestratedly controlling HPC proliferation and paracrine cell interactions ([@bb0205]). Our data suggested Orm1 acts as an additional regulator of regenerating HPC proliferation.

The well-known lipocalin family protein Lcn2 has been suggested to be a promising biomarker for the early diagnosis of renal injury ([@bb0210]). Importantly, it was recently reported that Lcn2 plays an important role in regulating bacterial infection and liver regeneration. The underlying mechanism is related in part to the deregulating cell cycle regulators such as cyclin-dependent kinases of HPCs ([@bb0290]). This was in accordance with our results that Orm1 knockdown suppressed the expression of genes controlling the cell cycle and chromosomal replication in proliferating HPCs. These findings highlight the importance of the HPCs-derived lipocalin protein family in regulating liver regeneration. Microarray analysis in Orm1 knockdown mouse regenerating livers pointed out the signaling pathways that control chromatin replication, especially the MCM genes, as the candidate targets involved in the cell cycle control by Orm1. It is well-known that the MCM complex plays essential roles throughout DNA replication, which promotes recovery from arrest and resumes mitotic growth through direct interactions with checkpoint and recombination proteins ([@bb0035]). Further study to evaluate the predictive value of serum levels of lipocalin family proteins for liver regeneration, such as in the prognosis of PVE, should have clinical significance. In addition, future study in the development of approaches to regulate the expression of lipocalin family genes should have clinical implications in the treatment of liver failure.

Although the underlying molecular mechanism has not yet been elucidated, there are emerging evidences from proteomic studies that both the urinary and serum Orm1 may serve as predictors of therapeutic response and diagnostic and prognostic biomarkers for inflammatory diseases such as chronic heart failure ([@bb0005], [@bb0305]) and cancers such as bladder cancer ([@bb0180]), lung squamous cell carcinoma ([@bb0030]), breast cancer ([@bb0015]) as well as HCC ([@bb0095]). There is a well-recognized link between tissue regeneration and tumorigenesis, which share common molecular pathways in controlling cell growth ([@bb0060]). During the repeated liver damage and compensatory regeneration, aberrant stabilization and activation of pro-regenerative regulators such as *c-Myc* has contributed to the development of liver cancers ([@bb0070]). In addition, liver regeneration after surgical resection or chemical damage may also facilitate tumor growth and recurrence ([@bb0260]). Therefore, it is reasonable that signaling pathways related to carcinogenesis such as "Role of BRCA1 in DNA Damage Response" and "Hereditary Breast Cancer Signaling" were also enriched in HPCs during liver regeneration. Interestingly, there are growing evidences that Lcn2 is a promising target and a diagnostic and prognostic marker for cholangiocarcinoma ([@bb0065]) and breast cancer ([@bb0175]). In this study, suppressed cell proliferation of HCC cells following Orm1 knockdown suggest that Orm1, as an important regulator for normal HPC proliferation during liver regeneration, may serve as a potential therapeutic target in HCC.

Endothelial cells have well-established functions in regulating organ morphogenesis, maintenance and regeneration ([@bb0245]). Spatially and temporally release of paracrine trophogenes, known as angiocrine factors, by endothelial cells after organ injury sustains the homeostasis of resident stem cell and guides the regeneration and repair of organs ([@bb0075]). In contrast, deletion of angiocrine factors such as PDGF-BB in endothelial cells disrupts organogenesis and the repair of adult organs ([@bb0045], [@bb0080]). The inductive effect of PDGF-BB on Orm1 expression was observed in primary mouse HPCs, suggesting that the increase in Orm1 expression by HPCs during liver regeneration might reflect endothelial cell-derived inductive signals.

In summary, based on the combination of genome-wide transcriptome analysis and statistical bioinformatics, *in vitro* and *in vivo* functional analyses, and clinical observations, we found and characterized Orm1, which was predominantly induced in HPCs in response to hepatic injury, as a promising executer promoting cell cycle of HPCs during liver regeneration ([Fig. 5](#f0025){ref-type="fig"}). We propose that the lipocalin family proteins including Orm1 will serve as prognostic biomarkers and potential therapeutic targets for liver diseases.Fig. 5Schematic diagram of a regulatory role of Orm1 on regenerating HPC proliferation. In this study, beginning with the transcriptome profiling of LSECs and HPCs during mouse liver regeneration, early transcriptional changes in injury response pathways in LSECs was observed, followed by activation of cell cycle control pathways in HPCs, and Orm1, predominantly expressed in HPCs, was found and characterized as a promising factor responsible for that by regulating HPC proliferation during liver regeneration.Fig. 5

The following are the supplementary data related to this article.Supplementary Table S1Raw datasets of CAGE transcriptome analysis. Total RNA samples of LSECs and HPCs were extracted at 5 different time points (2 h, 30 h, 48 h or 1 week after PH and at 2 h from sham control) during liver regeneration. Then, transcriptional profiling of 16,499 genes was measured in LSECs and HPCs using the CAGE technology.Supplementary Table S1Supplementary Table S2The primers used in this study.Supplementary Table S2Supplementary Table S3List of upstream regulators of differentially expressed genes between LSECs and HPCs. Upstream regulator analysis was performed on a dataset of 9885 differentially expressed genes between LSECs and HPCs using the IPA program.Supplementary Table S3Supplementary Table S4List of upstream regulators governing LSECs and HPCs during liver regeneration. Upstream regulator analysis was performed on the dataset of significantly differentially expressed genes by the comparison with the sham control at each time point in LSECs and HPCs using the IPA program.Supplementary Table S4Supplementary Table S5List of VIP scores of regulatory genes of LSECs and HPCs. Regulatory genes governing LSECs and HPCs during liver regeneration were identified in the PLS-DA model with VIP scores \> 1.Supplementary Table S5Supplementary Table S6Raw datasets of microarray analysis. A 40% PH was performed 3 days after *in vivo* knockdown of Orm1 by a single tail vein injection of its siRNA using Invivofectamine 3.0. Then, gene expression profiles of regenerating mouse livers at 48 h after PH were measured using the Affymetrix GeneChip Mouse Genome 430A 2.0 Array. Data normalization and analysis were performed with GeneSpring GX13.0. The signal intensities for each probe were normalized to the 75th percentile without baseline transformation and filtered by percentile (1 out of 4 samples have values between 20 and 100 percentiles).Supplementary Table S6Supplementary figuresImage 1
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